Abstract Optogenetic techniques are a powerful tool for determining the role of individual functional components within complex neural circuits. By genetically targeting specific cell types, neural mechanisms can be actively manipulated to gain a better understanding of their origin and function, both in health and disease. The potential of optogenetics is not limited to answering biological questions, as it is also a promising therapeutic approach for neurological diseases. An important prerequisite for this approach is to have an identified target with a uniquely defined role within a given neural circuit. Here, we examine the retinal neurovascular unit, a circuit that incorporates neurons and vascular cells to control blood flow in the retina. We highlight the role of a specific cell type, the cholinergic amacrine cell, in modulating vascular cells, and demonstrate how this can be targeted and controlled with optogenetics. A better understanding of these mechanisms will not only extend our understanding of neurovascular interactions in the brain, but ultimately may also provide new targets to treat vision loss in a variety of retinal diseases.
Introduction
Neurological diseases possess a staggering array of etiologies, involving genetic, neuronal, and regulatory factors, to name a few. Research has largely focused on targeting specific genes or molecules for treatment, which somewhat belies the complexity of the task; there are tens of thousands of genes, which have activation patterns that differ under varying circumstances, even among cells of the same type or class. Conversely, using a cell-based approach-to repair, replace, or supplement particular classes of affected cells-has historically been limited by the difficulty of distinguishing them amongst the tremendous cell diversity present in the central nervous system (CNS) [1] . In practice, therapeutic interventions have largely eschewed both of these seemingly opposing approaches in favor of a reliance on pharmacological interventions. Unfortunately, the efficacy of the pharmacological approach can be limited by the lack of specificity of a given drug to its primary target, as well as the unintended side effects of its action on tertiary targets. In theory, an ideal approach should combine all these methods to target a specific neurological circuit, defined here as the functional unit that is necessary and sufficient to perform a specific task.
A number of groundbreaking techniques have dramatically enhanced our understanding of the circuits responsible for neurological diseases, and our ability to target them for treatment. Cre-lox technology enables the expression, deletion, or modification of specific genes, and can be targeted to specific cell types. This has been used in combination with a variety of light-activated ion channels, such as the channelrhodopsin and halorhodopsin, to genetically confer light-sensitivity to a chosen cell class. Optogenetics thus allows for the noninvasive activation or inhibition of specific cells with light, a method that can be leveraged to combat a wide range of neurological conditions. Already, the potential of optogenetic techniques has been demonstrated in sciatic nerve injury [2] , Parkinson's disease [3] , epilepsy [4] , depression [5, 6] , and retinal degeneration [7, 8] . In this work, we describe a new method of using optogenetic techniques to study retinal circuit interactions between neurons and vascular cells, and show how this general approach can be potentially applied to treat neurological diseases.
The Neurovascular Unit: a Fundamental Circuit
In the classical view, the function of the CNS has been considered to be primarily driven by interactions between neurons. Consequently, many neurological diseases are viewed predominantly as neuronal impairments. Other cell classes, glial and vascular cells in particular, have been viewed as secondary components of the CNS, supporting neurons structurally and metabolically without actively influencing neural function. During the last few decades, however, it has become clear that this is not the case, and that these supporting cells, in fact, play crucial active roles [9] . Though our understanding of the individual components of the nervous system has been increasing exponentially, failing to consider fully the interactions between these diverse elements inherently limits our perspective on the physiology and pathophysiology of the CNS, in turn limiting our ability to translate these findings to clinical applications. One of the most important outcomes of these interactions is the regulation of blood flow in the CNS. The brain is the most metabolically demanding organ in the human body, accounting for 20 % of its resting energy consumption [10] . To meet this demand, blood vessels deliver oxygen and nutrients in an activity-dependent manner, a process called functional hyperemia [11] . This hemodynamic process relies on signaling between neurons, vascular cells, and glia, operating in homeostatic balance [12] . Together, this network is known as the neurovascular unit [13, 14] . Neurological conditions that disrupt any of these neurovascular components can affect the rest of the unit, leading to a cycle of reciprocal attrition, ultimately leading to the loss of the blood-brain barrier and neuronal degeneration. Thus, a comprehensive analysis of a given neurological disease should identify the affected neurovascular unit(s) within the particular tissue, and account for the function of each neurovascular component.
Recent studies have suggested that neuronal activity can directly regulate blood flow by controlling the diameter of blood vessels [15] . The diameter of large blood vessels is controlled by smooth muscles that wrap their walls. However, the majority of neurovascular interactions take place within the extensive capillary network, which lacks both smooth muscles and central innervation. Across many parts of the brain, the diameter of these capillaries is directly regulated by specialized contractile cells, called pericytes (Fig. 1a) , which, in turn, are controlled by local neuronal activity [15, 16] . Pericytes Btile^the surface of blood capillaries and have processes that wrap around the vessels (Fig. 1b, c) . Focal stimulation of an individual pericyte can produce a strong vasomotor response (Fig. 1d, e) . It has been shown that under ischemic conditions this response is significantly reduced, suggesting a critical role for proper neurovascular control in neurological dysfunctions [17] .
Furthermore, this initially local response can spread along the neighboring pericytes to control blood flow tens of micrometers away from the site of stimulation [15, 16, 18] . This propagative nature of pericyte activity may play a critical role in both local network interactions and in signaling to regulate retinal blood flow upstream, in precapillary arterioles [17] ; however, the precise mechanism remains unclear. This function would require communication not only among pericytes, but also pericytes and endothelial cells. The anatomical presence of gap junctions between pericytes, as well as endothelial cells, supports their role in intercellular interactions in the retinal blood vessels [19] . These gap junctions are comprised of connexin43-containing subunits that are shown to form connections with large conductances needed for fast signal transmission across the network of coupled cells [20] [21] [22] .
Neuronal Control of Blood Flow: a Role for Cholinergic Regulation
Activity-dependent regulation of blood flow starts with neurons releasing neurotransmitters. Multiple mechanisms have been proposed for neurovascular regulation of blood vessels in healthy retina, including arachidonic acid metabolites, nitric oxide (NO), and acetylcholine (ACh) [18, [23] [24] [25] [26] . Among numerous neurotransmitters, ACh is believed to play a central role. While most of the vasoactive neurotransmitters are released by variety of neurons, only ACh is selectively released by a well-characterized population of neurons-cholinergic amacrine cells [27, 28] . The vasodilatory effect of ACh on retinal capillaries and arterioles has been well established [18, [29] [30] [31] .
In the retina, ACh has been shown to be released by cholinergic amacrine cells in response to transients of light, both at onset and offset of stimulation [32] . The release was maximally stimulated by a flickering light [33] [34] [35] , thus making ACh an ideal mediator of flicker-induced dilation of blood vessels (for review, see [24, 36, 37] ). This unique ability to use natural stimuli to probe the function of the neural circuit makes the retina an outstanding model for studies of neurovascular function.
Retina, the most approachable part of the CNS, shares the same key elements as other parts of the CNS (Fig. 2) . Beneficially, it can be readily and selectively stimulated with physiologically appropriate stimulus for assessment and, potentially, treatment. Its natural stimulant, light, could be noninvasively delivered at wide range of modalities; spectral frequencies for selective pigment stimulation, temporal frequency, and spatial patters combined across wide intensity ranges can all be tailored for preferential targeting of distinct visual pathways. Intact retina can be dissected without disrupting integrity of internal connections and all components of the neurovascular unit could be identified and probed [38, 39] (Fig. 2c) . From a translational point of view, retina is a site of wide range of neurodegenerative, traumatic, metabolic, and vascular diseases that are naturally present in humans and could be induced with numerous treatments in animal models.
In the retina, a low tonic release of ACh was also reported [40] , which may be important to maintain a tonic state of the vasculature and the basal blood flow. What is the mechanism of ACh-mediated vasodilation? The vascular endothelium of large blood vessels synthesizes the vasodilator NO during exposure to acetylcholine [41, 42] . Consistently, cholinergic vasodilation of murine retinal arterioles was also shown to be primarily mediated by NO, since blockade of NO production almost completely abolished responses to ACh. When endothelial cells were damaged, there was no dilation, but vasoconstriction was present [31] . It is likely that ACh released from cholinergic cells binds to muscarinic receptors found on pericytes and endothelial cells and stimulates NO production in the endothelial cells. NO generates hyperpolarizing currents that would be expected to relax pericytes and dilate the capillaries [43] . Vascular diameter responses can propagate between adjacent pericytes [15, 44] , but it is not known whether arterioles receive a signal to dilate from pericytes, or from vasoactive messengers, which reach arterioles later than they reach capillaries [17] .
The retinal vasculature is composed of four distinct vascular layers (Fig. 3a) . The superficial layer is located in the outer boundary of the ganglion cell layer and includes venules and arterioles. Three deeper vascular layers (deep, intermediate, and intersublaminar) are intercalated between neuronal synapses in the outer and inner plexiform layers and are comprised of capillaries (Fig. 3a-d) . Because the synaptic release of ACh was found in the inner plexiform layer at both the cholinergic bands we hypothesized that the intersublaminar blood vessel layer recently characterized by our group could be the site of neurovascular interactions (Fig. 3) [32, 45, 46] . This additional layer of blood vessels was found to coincide with the OFFChAT band. It was equally prominent at all retinal poles and eccentricities, comprising~7-8 % of the total length of horizontally running blood vessels. As retinal vasculature lacks autonomic control, and shows an efficient local regulation [47, 48] , the function of vascular cells may be modulated by neurons in this region. Pericytes are the contractile cells of the vasculature [15] , and are more dense in retinal blood vessels than anywhere in the brain [49] . They express functional receptors for a variety of synaptic transmitters, which can cause contraction or relaxation [15, 18, 50] . For example, application of ACh alters the membrane potential of pericytes, leading to cell contraction and constriction of the blood vessel [18, 31] . Thus, it is possible that the cholinergic cells may modulate blood vessel diameter via pericytes to modulate blood flow, though further investigation is needed to confirm this. Several recent studies also indicate that glial cells can act as intermediaries in signaling from neurons to blood vessels [25, 51] . These interactions can be disrupted during retinal disease, which provides a strong impetus for future studies to characterize the retinal neurovascular unit.
Optogenetic Control of a Defined Neural Circuit: a Strategy for Functional Repair
ACh is a potent vasodilator. Muscarinic ACh receptors (type M3) are present in retinal vasculature and are essential for vasodilation [29, 31, 52] . Indeed, application of 100 μM carbachol, a nondegradable analogue of ACh, resulted in significant dilation in both capillaries and precapillary arterioles (see Fig. 5a, b) . However, global application of receptor agonist is a valuable tool but may differ from synaptic release of neurotransmitter. This is, in part, due to lack of spatial and temporal precision. To determine the precise role of cholinergic amacrine cells in vasomotor control, we have designed a method to selectively activate neurotransmitter release from the cholinergic neurons in the retina (Fig. 4) . In our approach, we chose to target cholinergic amacrine cells, which represent neuronal cell types whose activity can directly affect the vasomotor response. Importantly, cholinergic amacrine cells are known to be compromised at numerous retinal diseases and represent a valuable model in which to study the pathological events, as well as serve a potential target for treatment [53, . We have generated a mouse line in which a light-sensitive ion channel, channelrhodopsin-2 (ChR2), is genetically expressed in all cholinergic amacrine cells, under choline acetyltransferase promoter (ChAT; Fig. 4 ). Utilizing the Cre/lox system, we crossed homozygous ChAT-Cre mice [B6;129S6-Chattm2(cre)Lowl/J, stock #006410; The Jackson Laboratory, Bar Harbor, ME, USA] with loxP-flanked ChR2-YFP homozygous reporter mice [B6;129S-Gt(ROSA)26Sortm32(CAG-COP4*H134R/EYFP)Hze/J, stock #012569; The Jackson Laboratory]. In our experiments, we used heterozygous ChAT-ChR2-YFP animals. In these mice, ChR2-YFP expression overlapped 100 % with ChAT immunoreactivity, suggesting that all cholinergic cells, and only cholinergic cells, express the construct (Fig. 4a) . ChR2 is a transmembrane ion channel, and, indeed, its expression was localized to the membrane of the cholinergic cells, unlike ChAT, which is evenly distributed in the cytoplasm of cholinergic amacrine cells (Fig. 4a) . Next, we confirmed the function of ChR2 in these cells, by stimulating cholinergic amacrine cells with light, in the presence of synaptic blockers to isolate ChR2-induced activity from photoreceptor activity. Patch-clamp electrophysiological recordings were performed in identified cholinergic amacrine cells (Fig. 4b, c) . Both membrane potential and current recordings from cholinergic amacrine cells in ChATChR2-YFP mice show activation threshold and temporal activity profiles consistent with a ChR2-driven response [55] . Next, we tested if selective stimulation of cholinergic cells with ChR2-induced depolarization in the absence of synaptic inputs would produce vasomotor response routinely seen during agonist-driven cholinergic activation. Consistent with this, ChR2-assisted light activation of cholinergic amacrine cells produced dilation of both capillaries and precapillary arterioles (Fig. 5) . To our knowledge, this is one of the first approaches of the use of optogenetics to dissect neurovascular interactions in the CNS.
Summary
Optogenetic techniques are a valuable set of tools for studying mechanisms of the CNS. As we have shown here, optogenetics can be used to activate a specific component of a given neural circuit, in order to determine its particular function. The retina is a valuable model for this purpose, owing to its well-characterized structure and in vivo accessibility (i.e., it can be stimulated noninvasively with light through the pupil of the eye). Naturally, these characteristics have also made the retina the quintessential model for the therapeutic potential of optogenetics. Several groups have shown that, following the loss of photoreceptors, light-sensitivity can be reintroduced into remaining retinal neurons using optogenetic techniques [7, 8] . A similar approach could be applied to other retinal diseases, particularly those with known cell-based dysfunctions. There is accumulating evidence that diabetic retinopathy compromises distinct components of the neurovascular unit, such as astrocytes, pericytes, and cholinergic amacrine cells [54, 56] ; optogenetics could target these cells to supplement their health and function.
